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Dusty space plasma diagnosis using the behavior of polar
mesopheric summer echoes during electron precipitation events
A. Mahmoudian1, A. Senior2, W. A. Scales3, M. Kosch4,5,6, M. T. Rietveld7
Abstract.
The behavior of polar mesospheric summer echoes (PMSEs) during electron precip-
itation event (EPE) is investigated in this paper by including dusty plasma effects for
the first time. The observational data recorded with the VHF (224 MHz) and UHF (930
MHz) radars at the European Incoherent SCATter Scientific Association (EISCAT) on
July 10 and 11, 2012 is presented. The observed radar echoes show that the PMSEs are
both correlated and anti-correlated with the increased electron density associated with
electron precipitation events in the two consecutive days. The experimental observations
are compared with the numerical simulations of the temporal evolution of PMSE with
different background dusty plasma parameters during EPE. Specifically, the effect of dust
radius, dust density, recombination/photoionization rates, photo-detachment current, and
electron density on the behavior of PMSE layer and the associated dust charging pro-
cess in the course of electron precipitation events is studied. It is observed that the ra-
tio of electron density fluctuation amplitude δne to the plasma density (ne) plays a crit-
ical role in the appearance/disappearance of the layer. The simulation results revealed
that the existence of PMSE is mainly determined by dust radius and dust density. The
dusty plasma parameters associated with each event are estimated. The condensation
nuclei of the ice particles such as proton hydrate clusters (H+(H2O)n) or Meteoric Smoke
Particles (MSP) can be determined by employing the microphysical models along with
the dusty plasma simulations. This can resolve any discrepancy in the description of the
observed phenomena.
1. Introduction
The natural dusty plasma formed by the disintegration
of meteors appears in the atmosphere’s mesosphere region
between 50 and 90 km altitude. Climate change and human
activity have caused decreasing mesospheric temperatures
and increasing water vapor content via increased methane
concentration. Noctilucent clouds (NLC) occur in the cold
polar summer mesopause and are the direct visual manifes-
tation of freezing of water vapor on the dust particles and
formation of ice-coated meteoric dust particles. In-situ mea-
surements using sounding rockets have shown deep depletion
of electron density due to charging on mesospheric dust par-
ticles (e.g. Reid, 1997; Havnes et al., 2001; Rapp, 2009;
Robertson et al., 2009). Accumulation of free electrons on
the ice particles produces electron density structures, which
cause the reflection of radar waves. Polar Mesospheric Sum-
mer Echoes PMSE are strong coherent radar echoes pro-
duced by electron density fluctuations in the vicinity of po-
lar mesopause and at the half the radar wavelength (Rapp
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and Lubken, 2004). The first VHF radar echoes from the
high-latitude mesosphere were observed with the Poker Flat
radar in Alaska (location 65.12◦ N, 147.43◦ W) (Ecklund
and Balsley, 1981; Balsley et al., 1983). The PMSE have
also been observed in Antarctica (Halley station located at
76◦ S, 27◦ W) with dynasonde at 28 MHz (Jarvis et al.,
2005).
Solar occultation infrared measurements have confirmed
that the dust particles mainly consist of water ice in the sum-
mer polar mesosphere (Hervig et al 2001, Eremenko, et al
2005). Hervig et al (2009) reported the first measurements of
mesospheric smoke particles from a satellite. The formation
of the dust particles in the Earth’s summer polar mesopause
requires water ice nucleation and condensation as described
by Rapp et al (2013). Water ice nucleation is possible from
80 to 90 km above the Earth’s surface as the temperature in
this altitude range drops below the water vapor frost point
during the summer. The nucleation process is likely to be
of a heterogeneous nature involving water ice molecules at-
taching to pre-existing nuclei. It has been proposed that the
condensation nuclei may include large condensation proton
hydrate clusters, carbon particles (i.e. soot), sulfuric acids
(volcanic ash), sodium bicarbonate and hydroxide, and me-
teor smoke particles MSP with the latter being the most
likely candidate. Extending the proton hydrate chain to
large cluster sizes (H+(H2O)n, n >5) can quantify the effi-
ciency of ionic nucleation of mesospheric ice particles. While
ionic nucleation is not feasible as a major mesospheric nucle-
ation process, it can become efficient given moderate atmo-
spheric variations as induced by gravity waves. It should be
noted that the dusty plasma formation and existence in the
polar mesosphere is a very complicated that can be affected
by several parameters (Christon et al., 2017).
Formation of meteoric smoke particles happens after
near-complete ablation of meteoroids in the altitude range
of 75-115 km and leads to particle sizes of 1–2 nm and den-
sities of a few 1000 cm3 as stated earlier by Hunten et al.
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(1980). The critical radius for water ice particle nucleation
under typical mesospheric conditions is believed to be ≈ 1.3
nm. These particles of meteoric origin are difficult to mea-
sure and there is a relatively broad spread in the densities
reported by various authors, which includes 101 to 103 cm3
(for rd =≈ 1nm). Gelinas et al (2005) reported the first
validation of the MSPs characteristics via sounding rocket
in the tropical mesosphere. The measurements show that
the charged population of these meteoric particles is of the
order of 100 cm3 and the uncharged population is 1000 cm3,
which are in agreement with predictions by Hunten et al
(1980). The flux of photons incident on the meteoric smoke
particle surface releasing photo-electrons and ultimately re-
sulting in positive dust particles (Havnes et al., 1990; Rapp,
2009). Therefore, photo-detachment current plays a criti-
cal role in the charging process associated with mesospheric
dust in the case of proton precipitation event.
The time evolution of PMSE during perturbed atmo-
spheric conditions such as enhanced electron density pro-
vides a unique opportunity to measure the background dusty
plasma parameters. Rapp et al. (2002) presented the first
investigation of PMSE dependence on background electron
density during Solar Proton Event (SPE) and provided an
estimation of the minimum and maximum electron density
required for the PMSE observation. The negative correla-
tion (and anti-correlation) of VHF PMSE (224 MHz) and
Figure 1. Experiment conducted on July 10th, 2012
a) electron density measured by EISCAT UHF radar b)
EISCAT VHF radar and associated PMSE layer. The
black rectangles labeled 1 and 2 indicate the regions of
PMSE.
enhanced electron density are attributed to the low dust
density present within PMSE region. The increased elec-
tron density can also modify the background ion chemistry
in the mesosphere. The prominent changes in the cluster ion
composition, appear in N+2 , N
+, O+2 and O
+. As a result,
proton hydrates H+(H2O)n, may also be produced at lower
altitudes (70-85 km) and with densities ≈105 cm−3 through
the fast O+2 chain. Another major candidate for conden-
sation nuclei of mesospheric ice particles are large proton
hydrates H+(H2O)n. The water cluster ions increase by a
factor of 100 during solar proton event, while the transition
height will shift downward about 6 km in comparison with
quiet ionization condition. The previous study by Rapp et
al. (2002) has shown that nucleation on large proton hy-
drates during solar proton event is less likely due to Kelvin
effect and large hydration numbers required.
Unlike the vast development of computational and theo-
retical models as well as experimental observations of both
natural and artificially modified PMSE over the past few
years (Senior et al., 2014; Scales and Mahmoudian, 2016),
there are still open questions in regards to the dust charging
process in the mesosphere. This paper presents the first clear
variation of VHF PMSE during EPE. The slow variation
of background electron density during EPE in comparison
with SPE, provides an excellent condition to measure dusty
plasma parameters, study formation and extinction of dust
particles, and dust charging process. The main focus of this
paper is the changes in the PMSE strength due to back-
ground electron density variation rather than HF heating
which modifies the background electron temperature (Te).
Figure 2. Repeated experiment on July 11th, 2012 a)
electron density measured by EISCAT UHF radar b) EIS-
CAT VHF radar and associated PMSE layer
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This paper is organized as follows. The experimental ob-
servations are presented in section 2. The computational
results for the quiescent mesospheric condition and during
EPE with increased electron density by factors of 10 and 20
are described in section 3. The discussion and conclusion
are provided in sections 4 and 5.
2. Experimental Observations
The observations presented in this paper were recorded in
two consecutive days in July 2012. The experiments started
at 08:00 UT on July 10th and 11th, and lasted for 4 hours
in each day. The electron density in PMSE region was mea-
sured by EISCAT UHF radar and the EISCAT VHF radar
measured PMSE simultaneously. The electron density mea-
sured by the UHF radar between 08:00 UT to 12:00 UT, on
July 10, 2012 is shown in Figure 1a. Corresponding PMSE
layer measured by VHF radar is shown in Figure 1b. Ac-
cording to Figure 1a, two electron precipitation events are
clearly seen on July 10th. The first electron precipitation
occurred from 08:00 to 08:45 UT and in the altitude ∼ 85
km. The second event is observed over a longer time period
between 09:20 UT and 10:40 UT. This electron precipita-
tion event extends to lower altitudes ∼ 80 km. Both cases
show a maximum electron increase of the order of 10-15 dur-
ing the precipitation event. The VHF radar echoes (Figure
2b) show an appearance of a weak PMSE subsequent to
the precipitation event at 08:45 UT, and near the maximum
electron density enhancement region ∼ 89 km (marked with
black rectangle labeled 1). The second PMSE occurs right
after the long-period precipitation event and is located in
a lower altitude range of 87-88 km. This case shown with
black rectangle labeled 2, stays for about 20 min and is much
stronger than the case 1. The amount of energy deposited
by the precipitation is quiet small even though the electron
spectrum is hard. The electron temperature most likely is
close to the neutral temperature (Tn). Considering the back-
ground electron density (ne) of the order of 2×109 m−3, the
ne enhancement ratio associated with PMSE is estimated to
be about 10 based on the observations shown in Figure 1.
It should be noted that some weak and scattered PMSE is
observed from 09:30–10:30 UT.
Figure 2 represents the similar experimental observations
carried out on July 11, 2012. In this case, a continuous
Figure 3. Proton flux measured by the GOES 13 satel-
lite showing quiet geomagnetic condition during the ex-
periments on July 10 and 11, 2012.
electron precipitation event is detected between ∼08:00 UT
and 12:00 UT. The precipitation event expands to lower al-
titudes below 85 km. The simultaneous PMSE formation
extends from 83 km to 88 km and persisted for more than
two hours. Unlike the earlier experiment on July 10, obser-
vations on July 11 show the coincidence of PMSE formation
and electron precipitation. The electron density accumula-
tion in PMSE region is not expected, at least not for the in-
tegration time of the radars. The VHF radar data-recording
interval used in this experiment is 4.8 s. It should be noted
that the HF transmitter was operating during this experi-
ment with the heating cycle was 24 s on, 156 s off on both
days. The integration time used in this study in order to
resolve the heating cycles is complicated. The integration
time of the radar observations presented in Figures 1 and
2, are 24 s, 153.6 s, 4.8 s, 19.2 s, 4.8 s, and 153.6 s. This
arrangement is chosen to cover most of heating cycles. This
is repeated for other heating cycles. This is due to the high
recombination rate because of the high collision frequency.
According to Figure 2a, ne ∼2× 109 m−3 is considered for
the background plasma in the absence of EPE. The elec-
tron density increases of the order of 10 (∼ 2×1010 m−3)
in the PMSE altitude range 83–85 km from 08:00 to 08:20
UT. This period is marked with cases 1 and 2. A stronger
electron precipitation event is observed from 08:50 to 11:30
UT with a maximum electron density of 5×1010 m−3 (in-
creased by a factor of ∼20). This period is shown in case
3. The electron precipitation altitude extends to 80 km in
case 3. Two weak events are also observed 12:30 to 12:35
UT (case 4) and 12:50 to 13:00 UT (case 5). The electron
density enhancement ratio within PMSE region is estimated
to be ∼5 in these two cases.
The appearance and weakening of PMSE shows different
behavior as the background electron density changes. The
cases denoted by 1–5 show the correlation of enhanced back-
ground electron density and VHF radar echoes appearance.
This is mainly due to the increased background electron den-
sity above the threshold level (as well as electron density
fluctuation amplitude) to scatter radar signal. The total
electron density enhancement along with the radar echo in-
tensity can be used to estimate the charging rate, and size
and density of dust particles.
Figure 3 shows the proton flux measured by the GOES
(Geostationary Operational Environmental Satellite) 13
satellite that shows a quiet geomagnetic condition during
experiments on July 10 and 11, 2012. The technical defini-
tion of an SPE is when the 10 MeV flux exceeds 10 cm−2
s−1 sr−1, the dashed horizontal line in the plot, which it
fell below on 2012-07-09. Although there may have been
some residual enhancement of the electron density due to
solar protons on 2012-07-10, it would be weak. The radar
data also show no such activities. Another characteristic
of solar proton precipitation is that it tends to vary very
slowly in time. Therefore, the strong and rapidly-changing
enhancements in electron density shown in the radar data in
Figures 1 and 2, are entirely due to energetic electron precip-
itation. This is of internal magnetospheric origin-electrons
which have drifted around from substorm injections in the
night-side and is very common at this time of day.
3. Numerical Model
The first 1-D unmagnetized model that employs a hybrid
approach with fluid electrons and ions and particle-in-cell
Monte Carlo Collision (PIC-MCC) dust particles and allows
for flexibility in incorporating dynamical charging models for
the dust as well as dust mass distributions, is used in this
study (Scales, 2004; Chen and Scales, 2005; Mahmoudian
and Scales, 2011; Senior et al., 2014). This model is capa-
ble of simulating the time evolution of the electron density
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irregularities, which corresponds to the radar echoes in all
frequency bands associated with polar mesospheric clouds
(PMSE) and for all background dusty-plasma parameters.
The simulations are corresponding to the coherent radar
scattering and fluctuations in dust-plasma are assumed to
be at half the radar wavelength. The electron density fluctu-
ations ultimately result in the observed backscattered radar
signals. The initial uncharged dust is taken to have an ir-









where nd0 is the undisturbed dust density, δnd is the dust
density irregularity amplitude which is set to 0.2 in the sim-
ulation, m is the irregularities mode number and l is the
system length in this model. The radar reflectivity is propor-
tional to the electron density fluctuations amplitude in the
wavenumber domain (δne(k)) (Royrvik and Smith, 1984).
Scales (2004) has shown that for the sinusoidal perturba-
tions used in this model, the radar reflectivity η(k) ∝ δn2e,
where δne is the electron density irregularity amplitude.
The one-dimensional mesospheric irregularity model is
used in this study for the formation and the time evolu-
tion of associated PMSE irregularities in the altitude range
around 85 km. At this altitude region the plasma density
ne0 = ni0 = 2×109 m−3. The plasma temperature is typ-
ically Te = Ti = 150
◦ K; therefore the electron thermal
velocity is vthe ∼105 m/s. The ion mass is mi = 50 mp
(O+2 ), where mp is the proton mass. The ions are highly
collisional with νin ≈ 105 Hz (Mahmoudian et al., 2011).
The density irregularities are assumed to have a wavelength
of ∼ 64 cm, which corresponds to the radar frequency ∼ 230
MHz. The photoionization/recombination rates in the equi-
librium is Pi = Li = αne0ni0, α ∼ 10−12 m3s−1 and for typi-
cal mesospheric parameters. The production/recombination
timescale is of the order of 100 s which is comparable to the
ion charging time. Several parameters in the simulations
including dust charge density to the background electron
density zdnd/ne, δn
2
e (corresponding to radar echoes), and
ne are used in this study. The photo-detachment current in-
cluded in the charging model is described here (Mahmoudian
et al., 2017). The time variation of charge on dust particles
based on continuous Orbital-Motion Limited OML approach
(Bernstein and Rabinowitz, 1959) can be written as follows:
dQ
dt
= Ie + Ii + IP (2)
where Ie, Ii, and IP are the electron and ion current on each
dust particle, and photodetachment current, respectively.
Assuming negatively charged dust, photo-detachment cur-
rent can be approximated by (Rosenberg, 1996)
IP,Zd<0 = −pir2dα, (3)
For positive grains, photo-detachment current can be ap-
proximated by
IP,Zd>0 = −pir2dαexp(qeφd/KTp), (4)
where rd is the dust radius, K is the Boltzmann constant,
and φd is dust floating potential. In Eq. (3) and (4), the
parameter α is α = qeJpQabYp where qe, Jp, Qab, Yp, and
Tp are the electron charge, photon flux, photon absorption
efficiency, photoelectron yield, and average photoelectron
temperature. Previous studies have estimated solar pho-
ton flux Jp to be of the order of ∼1.5×105 photon cm−2 s−1
for hν ∼4-5 eV and the absorption efficiency Qab ≈ 1 (e.g.
Brasseur and Simon, 1981). Photoelectron yield Yp can also
be estimated using Yp = C(hν −W )2, with C = 0.01/(eV )2
(Rapp and Lubken, 1999). Qab is assumed to be ∼1 for
2pird/λ > 1, where λ is the wavelength of the incident pho-
tons (Shukla and Mamun, 2002). Calculations by Rapp
(2009) indicate that photo-detachment current is important
for sufficiently small radii (1 nm) and metallic compounds
(e.g. Fe2O3 , SiO). The average photoelectron temperature
Tp is assumed to be ∼ 400Te (Mahmoudian et al., 2017).
The previous studies have shown that MSP present in the
mesosphere may be positively charged due to photoemission
by solar UV radiation (Rosenberg and Shukla, 2002). Rosen-
berg et al., (1996) provided an estimation of photo-emission
current for UV intensity of 8-9 eV photon.
The ratio of dust charge density zdnd to the background
electron density ne determines the amplitude of the elec-
tron density fluctuations. This parameter will be critical for
backscattered radar signal to be above the threshold and
PMSE to be observable using radars. Therefore, the ele-
vated ne during EPE, dust density, and dust radius will
determine the strength of the backscattered radar signal.
The simultaneous increase in electron attachment onto dust
particles (ne decrease) and enhancement of zdnd will cause
stronger radar echoes. The charging of electrons onto the
dust particles will reduce the ambipolar diffusion of electron
density fluctuations which results in long-lasting PMSE.
Unlike the previous study by Cho and Kelley (1992) that
suggests 50% of electrons need to be bound to dust parti-
cles in order to observe PMSE, our study shows that with
much lower dust density and radius the PMSE should be
observed. Previous in-situ rocket measurements and simul-
taneous PMSE observations have shown PMSE presence for
zdnd/ne > 0.05 (Rapp et al., 2002 and references therein).
The computational results for the background meso-
spheric parameters in the quiet mesospheric condition are
presented in Figure 4. It should be noted that the irregular-
ities reach the steady state after 200 sec. The dust radius rd
is varied from 2 nm to 20 nm, and dust densities nd/ne0 =
200%, 100%, 50%, 20% are considered. According to the
charging model, 20 nm dust particles can collect two elec-
trons on average. As can be seen in Figure 4a, the electron
density reduces about 90% for dust particles larger than 10
nm and nd/ne0 = 100%. For smaller dust particles (rd ∼
2 nm), the reduction in electron density is about the same
(< 20%) for nd/ne0 = 100%, 50%, and 20%. The criti-
cal parameter of zdnd/ne0 in mesospheric dusty plasma that
determines the strength of VHF PMSE (224 MHz) is shown
in Figure 4b. According to this figure, the dust charge den-
sity to background plasma density is below the threshold
level (0.05) for nd/ne0 = 20% and rd =2 nm. As the dust
radius increases to 20 nm, zdnd/ne0 increases to 1.4. An-
other critical aspect of the dusty plasma within PMSE, that
has been overlooked in previous studies, is the variation of
the amplitude of the electron density fluctuations δne as the
dusty plasma parameters vary. A comparison of δn2e shown
in Figure 4c, which corresponds to the backscatter radar
signal amplitude. This figure indicates that measuring the
dust charge density zdnd normalized to ne is not sufficient
to assess the background mesospheric parameters. Although
zdnd/ne0 increases to 100 and for nd/ne0 = 100% and 50%
(Figure 4b), the corresponding radar echoes (∝ δn2e) ap-
proach zero (Figure 4c). The maximum amplitude of δn2e
for nd/ne0 = 200%, 100%, 50%, and 20% occurs at rd =
4 nm, 6 nm, 9.5 nm, and 15 nm, and for both δnd/nd0 =
0.2. The maximum amplitude of fluctuations (radar echoes)
reach 9.61, 9.57, 9.5, and 9.35 log10 m−3, for nd = 4×109,
2×109, 109, and 4×108 m−3, respectively. Therefore, while
the required condition zdnd/ne > 0.05 for dust densities
100%, 50%, and 20% is satisfied, the radar echoes (∝ δn2e)
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are very weak and may be below the threshold level of VHF
radar detection. These values for δnd/nd0 = 0.5 are 10.9,
10.82, 10.82, and 10.6 log10 m−3, for nd = 4×109, 2×109,
109, and 4×108 m−3, respectively. According to observa-
tions presented in Figures 1b and 2b, no PMSE is observed
near 10.5 log10 Ne m
−3 which is in agreement with the nu-
merical results presented in Figure 4.
Figures 5 and 6 represent similar parameters including
the electron density variation due to charging onto dust par-
ticles (ne/ne0 %), zdnd/ne, and δn
2
e for the elevated back-
ground electron density by a factor of 10 and 20 (ne =
2×1010 m−3 and 4×1010 m−3, respectively). Two values of
dust density fluctuation amplitude δnd/nd0 of 0.2 and 0.5,
and dust density nd = 4×109 m−3, 2×109 m−3, and 109
m−3 are considered in these two figures. Figures 5 shows
that the threshold level of zdnd/ne = 0.05 for PMSE to be
observed by VHF radar is satisfied for rd > 4 nm (nd =
4×109 m−3), rd > 8 nm (nd = 2×109 m−3) and rd > 15
nm (for nd = 10
9 m−3) in the case of ne = 4×1010 m−3.
According to Figure 6, this condition for increased ne by a
factor 20 is rd ∼ 5 nm (nd = 4×109 m−3), rd > 10 nm (nd =
2×109 m−3), and rd > 17 nm (nd = 109 m−3).
The variation of recombination/photoionization rates is
considered in order to study the long-lasting electron pre-
cipitation events (case 3 in Figure 2b) as well as short period
EPE (Cases 1, 2, 4, and 5 in Figure 2b). As can be seen
in Figure 7, the electron density reduces to the value near
the natural condition in short period events (α =10−12 m3
s−1). The difference between the long and short EPE events
is mainly prominent for larger dust radius and higher dust
densities.
A complete assessment of the required conditions for
PMSE observations includes the exact measurements of nd,
rd, ne, as well as photoionization/recombination rates, and
charging characteristics of dust/ice particles. Therefore, the
PMSE existence, time evolution, and strength can be em-
ployed to provide an estimation for nd, rd, and dust charging
characteristics.
4. Discussion
The behavior of PMSE during background electron den-
sity enhancement and active geomagnetic condition may
have a great potential as a diagnostic for dusty plasma pa-
rameters within PMC as well as the formation of ice particles
in the polar mesosphere. The main focus of this section is
to compare the computational results with the experimen-
tal observations in order to develop a remote sensing tech-
nique to characterize and measure natural dust layers in the
near-Earth space environment. The following sections will
investigate the time evolution of PMSE layers observed on
July 10 and 11, 2012 and presented in Figures 1 and 2.
4.1. Event 1: July 11, 2012
Case 1 & 2: T These two events show the formation
of a weak PMSE layer 83–84 km associated with electron
density enhancement by a factor of 10 (ne ∼ 2×1010 m−3).
As shown in Figure 4, δn2e (backscattered VHF radar signal)
in the natural mesospheric conditions is small and decreases
significantly as the background dust density nd reduces. The
expected radar echoes are 10.87 and 10.7 log10 Ne m
−3.
Therefore, non-existence PMSE during natural mesospheric
condition is mainly due to the high nd present in this re-
gion. A close comparison with Figure 5b shows that there
are three parameter regimes for which the required condition
of zdnd/ne > 0.05 for the PMSE observation will be satis-
fied in the enhanced ne condition by a factor of 10. These
parameters for δnd/nd0 = 0.5 are (nd = 4×109 m−3 and
rd > 4 nm), (nd = 2×109 m−3 and rd > 8 nm), or (nd =
109 m−3 and rd > 15 nm). The small values of δn2e shown in
Figure 5c, validates the weak PMSE observed in cases 1 and
2. According to Figure 5c, these values correspond to the
radar echoes ∼ 11.3 log10 Ne m−3, which is comparable to
the observed radar echoes (Figure 2b). It should be noted
that the values of radar echoes associated with δnd/nd0 =
0.2 are of the order of 10 log10 Ne m
−3, which is much weaker
than the observed radar echoes. Appearance of PMSE in the
course of a very short EPE in cases 1 and 2, and comparison
between the value of the estimated radar echoes in the nat-
ural mesospheric condition and enhanced electron density
by a factor of 10 (10.7–10.87 and ∼ 11.3 log10 Ne m−3, re-
spectively), validate the computational results and that the
threshold level of VHF PMSE is reached.
Case 3: The time period 3 from 08:50 to 11:00 UT
shows the strongest PMSE layer with persistent intensity
during EPE, which correlates well with the electron pre-
cipitation altitude. The lower layer formed in the altitude
range 83–86 km consists of larger particles. The electron
density increases by a factor of 15 to 20 throughout this
cycle (ne = 4×1010).
The layer at altitudes closer to mesopause with lower tem-
perature may compose of smaller ice particles and higher
densities. The formation of ice particles starts at mesopause
altitude where the temperature reaches its minimum. As
the ice particles grow through water ligand accumulation,
they will settle at lower altitudes due to the action of grav-
ity. The descending in the altitude of this layer between
9:50-10:00 UT and 10:30-10:50 UT may also confirm this
hypothesis. The delay in the appearance of this layer could
be due to a high ratio of nd/ne. This figure shows that the
VHF radar echoes reach a maximum amplitude of 12 log10
Ne m
−3. A close comparison with the results presented in
Figure 6c and for electron density enhancement by a factor
of 20, shows that the condition of radar echoes in the or-
der of 12 log10 Ne m
−3 can be satisfied for one parameter
regimes. According to the computational results shown in
Figure 6, the expected radar echoes of the amplitude of 12
log10 Ne m
−3 occurs at rd = 10 nm (nd = 4×109 m−3), and
for δnd/nd0 = 0.5. The computational results also show that
this condition is satisfied for rd > 20 nm (for nd = 2×109
m−3), and for δnd/nd0 = 0.5. Therefore, by taking into
account the typical mesospheric conditions, the two param-
eter sets of (rd ∼ 10 nm, nd = 4×109 m−3, δnd/nd0 = 0.5)
is more probable parameters to reproduce the experimen-
tal observations shown in Figure 2b and case 3. Another
important feature of the computational results presented in
Figure 6 is that the radar echoes of 12 log10 Ne m
−3 satisfied
very close to the other requirement of zdnd/ne of 0.05 oc-
curs (Figure 6b), which is estimated based on in-situ rocket
measurements and simultaneous VHF PMSE observations
on the ground.
According to Figure 2b, a secondary PMSE layer starts
to develop at a higher altitude range around 87 km at 09:50
UT and extends to lower altitudes around 86.5 km. This
layer is composed of smaller ice particles and larger densi-
ties. The delay in appereance also justifies the slow charging
process due to smaller charging timescale (Mahmoudian et
al., 2011). Based on the simulation results presented in Fig-
ure 6, the existence of this layer will require nd >∼ 6–8×109
m−3 for smaller dust particles (rd ∼ 2 nm). The formation
of PMSE in higher altitude range 87-88.5 km which corre-
sponds to the smaller dust particles may show a clear sig-
nature of newly formed ice cloud with a smaller size (< 3
nm) that are exposed to enhanced electron density and get
charged. Another feature to point out is the variation of
PMSE strength between 9:30-9:50 UT is due to the satura-
tion of dust particles and enhancement of ne which results
in lower radar reflectivity. The disappearance of PMSE af-
ter EPE could be due to the photo-detachment process of
electrons from dust particles and recombination with the
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background ions. This effect could also be as a result of ice
particles destroyed by collision with MSP (< 0.2 nm). As
proposed by Rapp et al. (2002), the decay of PMSE can
also be explained in terms of the evaporation of ice particles
as a result of Joule heating.
Figure 7 shows the variation of zdnd/ne and radar echoes
with and without photo-detachment current as well as the
variation of recombination rate by a factor of 20. As can
be seen, the effect of photo-detachment current and pres-
ence of positive dust particles on the required threshold of
zdnd/ne = 0.05 for VHF PMSE observations and the as-
sociated radar echoes is significant. According to the com-
putational results, the minimum dust radius for satisfying
zdnd/ne = 0.05 condition increases between 4–6 nm, which
is much larger than the typical dust particles present in the
PMSE region. The effect of photo-detachement current on
the associated radar echoes shown in Figure 7b is substan-
tial. This effect is more prominent for larger dust particles.
Another parameter that is investigated in Figure 7, is the ef-
fect of recombination/photoionization rates enhancement by
a factor of 20. This is applicable for long-lasting precipita-
tion event. The changes produced on the minimum dust ra-
dius requirement for PMSE observation is ∼ 0.5 nm. The es-
timated backscattered signal amplitude remain unchanged.
Therefore, the effect of recombination/photoionization rated
on the expected VHF PMSE is very small.
Rapp et al. (2002) argued that the positive correlation
of PMSE and electron density enhancement implies a lower
limit in electron density. They have also postulated that
long-lasting geomagnetic disturbances may increase abso-
lute ne such that leads to irregularities decrease below the
threshold and cause decay of PMSE. This is considered as
the upper electron density limit. This paper shows that the
correlation of the VHF PMSE presented in Figure 2b and
the elevated ne during long EPE from 8:50-9:30 UT and
10:10-11:10 UT could be due to a wide range of parameters
associated with a mesospheric dusty plasma such as ne, nd,
and rd.
Case 4 & 5: The cases 4 and 5 show a similar trend to
the cases 1 and 2, with the electron density enhancement of
the order of ∼5×ne0. A close comparison between Figures
5 and 2 indicates that in the case of lower ne enhancement,
the required conditions for the PMSE existence should be
satisfied with lower dust densities and smaller dust particles.
Therefore, as the electron density increases above the sat-
uration level of dust particles, the electron density fluctua-
tion amplitude increases correspondingly. As discussed, this
is mainly due to the dust particles charged up by free elec-
trons, which produce a footprint in the background electron
density. The appearance of PMSE layer in such a short EPE
confirms that δn2e were very close to the required threshold
of VHF PMSE observation (∼ 11.3 log10 Ne m−3). This
is in agreement with the numerical simulations presented in
Figure 4c and 5c, corresponding to the natural and enhances
ne by a factor of 10, respectively.
4.2. Event 2: July 10, 2012
Figure 1b shows the VHF PMSE during several EPE
present on July 10, 2012 from 08:00 to 12:00 UT. The two
distinct PMSE events are depicted by case 1 and 2. The
anti-correlation of the observed VHF PMSE and the en-
hanced electron density could be attributed to the very low
dust density in the region. The observed echoes are very
close to mesopause altitude where the condition favor the
formation of ice particles as the temperatures reaches its
minimum. As can be seen both VHF PMSE occur after
the electron precipitation event is ended. The scattered and
weak echoes between 09:30 to 10:30 UT could be due to en-
hanced random fluctuations within enhanced plasma region
rather than dust charging process.
4.3. Past PMWE observations during SPE:
The previous study by Kirkwood et al. (2002) has shown
the enhanced radar echoes between 50-80 km altitude in the
winter mesosphere by the 52 MHz ESRAD radar and dur-
ing electron precipitation events. The PMWEs are seen in
a wide range of background electron densities but limited to
the ratio of negative ions to free electrons (∼ 100). The low
numbers of enhanced PMWE in the presence of SPE could
be due to the different charging characteristics of dust parti-
cles within PMWE region. It should be noted that water-ice
dust particles are less likely to be candidates for dust as the
temperatures in the winter mesosphere are too high. The
computational results presented in this paper can be applied
to PMWE observations.
5. Conclusion
Dusty space plasma diagnosis associated with polar meso-
spheric clouds (PMC) is investigated using the behavior
of polar mesospheric summer echoes (PMSE) during elec-
tron precipitation event. The two consecutive day observa-
tions of PMSE using 224 MHz VHF radar at EISCAT dur-
ing electron precipitation event (EPE) on July 10 and 11,
2012 have been presented. The Virginia Tech dusty plasma
computational model capable of simulating the time evo-
lution electron density fluctuation in the presence of nat-
ural mesospheric dust layers and the corresponding radar
echoes (PMSE) in different frequency bands is employed in
this study. The effect of several parameters including dust
radius rd, dust density nd, recombination/photoionization
rates, on background plasma on the associated radar echoes
is investigated. It has been shown for the first time that
the dust density and dust radius limit within PMSE region
can be understood by studying the evolution of radar echoes
including existence of PMSE layer, duration of the echoes,
correlation with EPE, as well as the strength of the backscat-
tered signal. While electron density plays an important in
(δne)
2 corresponding to the radar echoes, the results pre-
sented in this paper show that the PMSE strength is mostly
governed by background dusty plasma parameters such as
dust radius and dust density.
A comparison of the PMSE observations during short pe-
riod EPE with elevated electron number densities ∼2×1010
(10ne0 background electron density) reveals the existence of
ice particles in the polar summer mesopause region about
nd > 4×109 m−3 and rd > 2 nm. A comparison of the
numerical simulations in the natural mesospheric conditions
and the enhanced electron density by a factor of 10 shows
that the minimum requirement of δnd/nd0 = 0.5, which is
based on the past VHF PMSE observation and simultaneous
in-situ rocket measurement, is satisfied for the nd = 4×109
m−3 and rd > 4 nm. The estimated radar echoes are ∼ 10.8
and 11.3 in the natural and enhanced ne conditions, respec-
tively. This validates the appearance of VHF PMSE during
short EPE. The long-lasting PMSE enhancement correlated
with EPE on July 11, 2012, imposes a lower limit of nd >∼
8×109 m−3 and rd >∼ 2 nm. The computational results
associated with radar echoes of 12 log10 Ne m
−3 revealed
the conditions of nd = 4×109 m−3 and rd ∼ 10 nm. Consid-
ering that this layer appreas in the lower altitudes (83–85
km) validates the numerical results which impose a mini-
mum dust radius of 10 nm for VHF PMSE observations.
The secondary PMSE layer formed at higher altitude range
of 86.5–88 km is composed of smaller ice particles. The de-
lay in the formation of this layer is due to the slow charging
process of small dust particles. The numerical simulations
require a much higher dust densities (6–8×109 m−3 and rd ∼
2 nm) for VHF PMSE observations in this altitude range and
with a strength ∼ 12 log10 Ne m−3. The weak VHF PMSE
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observed on July 10, 2010 show anti-correlation with the el-
evated electron density due to EPE. This was attributed to
the very low dust density present in this region. The nega-
tive correlation between electron density enhancement and
radar echoes is due to the limited amount of dust particles
present in the region. In summary, the dusty plasma sim-
ulations will be sufficient to interpret the PMSE behavior
during EPE or solar proton event (SPE) and can lead to
significant diagnostics of the dust layer.
The model predicts a stronger PMSE ∼ 1 log10 Ne
m−3 for long-lasting EPE in comparision with short pe-
riod EPE, which is consistent with the experimental obser-
vations. This validates the diagnostic information resulted
from the comparison of the PMSE variation during EPE
with the computational results. The variation of recombi-
nation/photoionization rates by a factor of 10 may intro-
duce 0.1–0.5 nm difference in the minimum required con-
dition (zdnd/ne = 0.05) to observe VHF PMSE, which is
negligible. This effect on the associated radar echoes is neg-
ligible. The disappearance of PMSE is explained of three
possible processes including photo-detachment of electrons
from dust particles and recombination process, collision with
small MSP, and ice particle evaporation due to Joule heat-
ing.
The condensation of nuclei of the ice particles such as
proton hydrate clusters (H+(H2O)n) or meteoric smoke par-
ticles (MSP) can be determined by employing microphysi-
cal simulations. This can resolve the discrepancy in the
description of the observed phenomena. The possibilities
of combining the Virginia Tech dusty plasma model with
NCAR WACCM/CARMA (Whole Atmosphere Community
Climate Model/Community Aerosol and Radiation Model)
to develop a large aperture radar simulator for dusty space
plasma in the near Earth space environment is currently
under investigation. In this approach the background meso-
spheric parameters will be incorporated in the micro-physics
simulations in order to derive the ice/dust density profile
and dust size distribution, which will be imported to the
dusty plasma model for corresponding radar echoes calcula-
tions. To provide a better explanation of the PMSE during
active geomagnetic event and use this as a naturally modi-
fied mesospheric condition, the new EISCAT 3D interferom-
etry capability will be implemented in the future in order
to develop a remote sensing technique for the background
mesospheric parameters.
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Figure 4. Variation of polar mesospheric summer echoes
(PMSE) during quiescent mesospheric conditions with
dust radius and dust densities a) steady-state electron
density relative to the background electron density b)
dust charge density relative to background plasma den-
sity c) Steady-state plasma density in the presence of dust
particles. The unit is calculated for the dust density of
100%. For dust densities (nd/ne0) 200%, 50%, and 20%,
the values should be adjusted by +0.3, -0.3, and -0.7,
respectively.
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Figure 5. Variation of polar mesospheric summer echoes
(PMSE) with dust radius and dust densities during EPE
and for enhanced ne = 2 × 1010 m−3 a) steady state
electron density relative to the background electron den-
sity b) dust charge density relative to background plasma
density c) Steady-state plasma density in the presence of
dust particles. The units on the left is calculated for
the dust density 4×109 m−3 and δnd/nd0 = 0.5, and the
units on the right corresponds to δnd/nd0 = 0.2. For dust
densities nd = 2×109 and 109 m−3, the values should be
adjusted by -0.3 and -0.6, respectively.
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Figure 6. Variation of polar mesospheric summer echoes
(PMSE) with dust radius and dust densities during EPE
and for enhanced ne = 4×1010 m−3 a) steady-state elec-
tron density relative to the background electron density
b) dust charge density relative to background plasma
density c) Steady-state plasma density in the presence
of dust particles. The units on the left is calculated for
the dust density 4×109 m−3 and δnd/nd0 = 0.5, and the
units on the right corresponds to δnd/nd0 = 0.2. For dust
densities nd = 2×109 and 109 m−3, the values should be
adjusted by -0.3 and -0.6, respectively.
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Figure 7. Similar to Figure 6 including the
effect of photo-detachment current and recombina-
tion/photoionization rate by a factor of 20.
